Water samples were collected in the summer of 2001 for microcystin analysis, nutrients and algal enumeration from Hamilton Harbour (Lake Ontario), Wendt Beach (Lake Erie) and Presque Isle (Lake Erie). Microcystin concentrations varied largely and were present at acute toxicity levels only in some windconcentrated scums of blue-green algae (>90% Microcystis, primarily M. botrys, M. viridis and some M. wesenbergii) in Hamilton Harbour. In Hamilton Harbour, microcystin-RR was the main microcystin with microcystin-YR and -LR also present. The two samples of August 17 and September 7, taken during the peak of the cyanobacterial bloom, contained 60 and 400 µg/L, respectively. A few dying birds were seen in the Hamilton scums. The concentrations of microcystins at the Lake Erie sites were less than 1 µg/L, yet dead birds were common. The major limitation with this approach is that current analysis (ELISA and HPLC) methods are unable to measure covalently bound microcystins, the form that is assimilated into the food chain.
Introduction
Toxic algal blooms have been occurring more frequently throughout the world (Hallegraeff 1993) . The recent deaths of 55 people in Brazil from microcystins may be the most alarming occurrence, but human health has been affected by algal toxins for some time (Falconer 1999) . In freshwater, toxin-producing Cylindrospermopsis is spreading from tropical lakes north (Chapman and Schelske 1997) and has reached Indiana (St. Amand 2002) . In addition, toxic algal blooms and avian botulism appear linked. Reports of dead birds or fish and blue-green algae are common (Yoo et al. 1995) . Toxic blue-green algae in the prairies of North America are associated with outbreaks of avian botulism that have resulted in millions of dead birds (Yoo et al. 1995; Murphy et al. 2000) . The association is not well understood and what may apply to type C botulism may not be relevant to type E botulism. Type E botulism is a major recent problem in lakes Erie and Huron, and has spread to Lake Ontario. This event is of significant concern to the public. Botulism in fish taken from Lake Michigan killed 7 people in the 1960s. It led to a study in 1966 showing that 57% of fish in Green Bay, Michigan, had spores of type E Clostridium (Brand 2001) . In Lake Erie the algal toxin of concern is microcystin (Brittain et al. 2000) .
There is both a general need to understand the causes and ecology of toxic algal blooms, and specific needs to clarify the effect of imposed changes such as those caused by nutrients, introduced species and other uncertainties such as climate change. Many changes are taking place globally that may be responsible for the increase in toxic algae. Overall changes in the food web structure imply changing relationships between algal blooms and surrounding environments (Lehman et al. 2000) . Nitrogen is increasing globally (Sutton 2002) . Charlton et al. (1999) observed that nitrogen concentrations in Lake Erie have increased two-to six-fold since 1970. Some of this link between enhanced nitrogen supply and toxic algae is clear, as it increases both the potential for toxic algal outbreaks and their production of cyanotoxins. Blue-green algae like Microcystis do not fix significant amounts of nitrogen and are clearly stimulated by enhanced dissolved inorganic nitrogen availability (Murphy and Brownlee 1981; Hyenstrard et al. 1998) . Furthermore, microcystin production has been shown to be positively correlated to nitrogen availability (Sivonen 1990) .
Global changes in UV light also are known to stimulate microcystin production (Wulff 2001) . This latter change has particular relevance to the Great Lakes, where water filtration by introduced species like zebra mussels (Dreissena polymorpha) and quagga mussels (Dreissena bugensis) has dramatically increased light penetration (Horgan and Mills 1997) . Microcystis species are enhanced in this environment for many reasons, notably their ability to resist grazing by these and other herbivores, and to minimize the adverse effects of UV irradiation, which is particularly severe towards surface scums. Microcystin is broken down by UV light (Tsuji et al. 1995) and one of its functions may be to protect the cell from UV damage.
The purpose of this paper was to measure algal toxins and compare their presence to variables that could influence the botulism outbreak. The analytical limitations of botulism analysis and resource restrictions precluded precise hypothesis testing of the linkages between microcystins and botulism.
Methods

Sample Collection
A Hydrolab ® was used in Lake Erie to measure temperature, pH, conductivity, dissolved oxygen, and turbidity. Initially, samples were collected from six sites at both Presque Isle and Wendt Beach but later were reduced to five at Presque Isle and three at Wendt Beach (Fig. 1) . All samples were collected with a Van Dorn bottle at 1.0-m depth. Water depths were between 0.8 and 3.8 m. Secchi depths varied from 1.6 to 3.8 m. Samples were placed in a cooler for processing within 24 h at the Canada Centre for Inland Waters (CCIW). The following analyses were submitted to the National Laboratory for Environmental Testing (NLET), Burlington, Ontario: total phosphorus (filtered and unfiltered), dissolved inorganic carbon, and dissolved organic carbon. Metals and alkalinity were also performed by NLET for the first sampling date only (NLET 1994) . Total phosphorus was measured on unfiltered water samples and water samples that had been filtered through 0.45-µm cellulose acetate filter paper. Both filtered and unfiltered samples were placed into 100-mL square glass bottles, preserved with 1 mL of 30% sulphuric acid and refrigerated. For metal analysis, water samples were filtered through 0.45-µm cellulose acetate filter paper, the samples were then placed into 500-mL square plastic bottles, preserved with 1 mL of concentrated nitric acid and refrigerated. For dissolved inorganic and organic carbon analysis, water was filtered through 0.45-µm cellulose acetate filter paper, placed in 125-mL round glass bottles and refrigerated. Suspended solids were prepared by filtering water through preweighed glass fibre filters (GF/F). Ammonia samples were filtered (GF/F), and placed into 250-mL plastic bottles. The samples were preserved with 10 mL of phenol and refrigerated prior to analysis. The analysis took place within 18 h and used the col- orimetric phenate method 4500-NH 3 D (APHA 1989) . Absorbance was measured on a LKB Biochrom UV spectrophotometer at 640 nm. Sulphate and nitrate anions were filtered through a GF/F filter and later analyzed on a Dionex model 2010i ion chromatograph. Samples for algal enumeration were transferred to 125-mL glass bottles and preserved with 2.5 mL of Lugol's solution and refrigerated prior to identification of blue-green algae with the Utermöhl technique. Water samples for chlorophyll analysis were filtered through GF/F filters in subdued (yellow) light and frozen for later analysis according to Standard Method 10200 H-Chlorophyll method (APHA 1989) .
Particles for algal toxin analysis were filtered through GF/C filters (approximately 50 mg dry algae), placed in petri dishes and frozen. Most samples were processed by ELISA analysis but a subset was evaluated with HPLC. Samples were sonicated with a cell disruptor by Heat Systems ® with a microtip for 6 min with 5 mL of methanol. After a further 45 min of extraction, samples were centrifuged for 40 min on 6 IEC conical benchtop centrifuge at 2000 rpm. The extracted supernatant was removed using Pasteur pipette and placed into 4-mL glass vials with Teflon caps. ELISA analysis was conducted on a Biorad ® 3550 Microplate reader with a Envirologix ® microcystin plate kit.
Filters for HPLC analysis were extracted using 4 mL of 75% methanol in test tubes, sonicated 5 min in bath sonicator, repeated 3 times, letting extraction solvent sit 1 h each time. The extracts were pooled together in a clean tube and filtered through Aerodisk ® filters. The extracts were then evaporated to 0 volume using N-Vap nitrogen evaporator. Next, the samples were reconstituted with 1 mL of methanol. The solution was then placed in Waters autosampler vials. The HPLC mobile phase was MeOH:0.05 m KH 2 PO 4 60:40, pH 3.0. The HPLC system consisted of dual Waters 510 pumps, WISP ® autoinjector, and a Kratos ® UV detector set at 238 nm. The column was a 5-?m 4.6 x 150 mm Xterra MS C 18 (Waters) connected to a µBondapak guard insert. Injection volumes were 30 µL per standard and sample. Target compounds (microcystin-LR, microcystin-RR) were identified by retention time comparison of standards and sample spiking. Concentrations were determined by comparing peak areas against a calibration curve.
In Hamilton Harbour, most samples were collected north of CCIW near the wind surfing launch area; these samples were surface samples. For the midharbour samples (Station 1001), a Van Dorn bottle was used to collect samples at depths. Sample processing was similar to that used for the Lake Erie samples.
Results
In late August and September of 2001, Hamilton Harbour developed a conspicuous cyanobacterial bloom, which concentrated at the surface on calm days (Watson et al. Submitted) . The bloom was composed of a number of blue-green taxa, dominated by several species of Microcystis (M. viridis, M. botrys and M. wesenbergii); Aphanizomenon flos-aquae also was abundant, particularly towards the end of the summer. The concentrations of microcystin in the wind bloom scums in Hamilton Harbour were as high as 400 µg/L (Table 1) . The blooms were blown by the west wind to the eastern end of the harbour. This is an important recreational area so human contact is a potential concern. It is also the area where major wildlife restoration projects have resulted in establishment of large bird colonies, but fortunately the birds were matured by the time the blooms developed. The movement of the surface scums was visually obvious. They tended to move into the shipping canal, into Lake Ontario and potentially near the drinking water intakes. On one occasion during the peak of the cyanobacterial bloom, the depth profile of microcystins was evaluated and the results confirmed the visual impression; the toxins were only in the surface water. The limited number of samples prevents statistical analysis but visual observations indicate that most of the time, much of the harbour had low concentrations of microcystins in the water column. The toxic scums were obvious and could be avoided. There were very few dead birds and no dead fish observed in Hamilton Harbour. It is possible that dead animals were not detected but it is more likely that animals avoided the toxic scums. Shortly after the worst of the bloom, several cormorants were found dead under local hydro lines but no analysis of the carcasses was done. Live gobies that were sampled at this time had very large livers, which might indicate microcystin stress. The livers had about 1.4 µg/g of microcystins by ELISA analysis.
The concentrations of microcystins in Lake Erie were much lower ( Table 2 ). The chlorophyll a content was never higher than 11 µg/L (Table 3) . Unlike Hamilton Harbour, there were many dead gulls, carp, freshwater drum and other fish observed during our sampling. The nutrient concentration of the Lake Erie sites was much lower than seen in Hamilton Harbour (Table 4 and 5). The metal concentration at the Lake Erie sites, especially iron, was low (Table 5 ). There were no unusual temperature or oxygen measurements at the Lake Erie sites (Table 6) ; both variables are known to be associated with fish and bird kills.
Discussion
The potential for risk to humans was minimal but more analysis is warranted. In part, the scum was readily visible and avoidable. The harbour was posted to warn people of the risks of contact and not to eat the fish. Complications include difficulty in measuring each algal toxin (Chorus 2002 ) and the potential for unusual human exposure. For example, there had been some concerns about workers around the cooling water intakes of the steel mills but since they draw deeper water, they had no exposure.
There is no doubt that microcystins are toxic to fish (Erickson et al. 1989; Andersen et al. 1993 ), but more often concentrations in lakes are not acutely lethal (Carbis et al. 1996) . The latter situation seems to apply to our sampling at two sites in Lake Erie in 2000. Our results are biased in that we did not measure covalently bonded microcystins and in animal tissue this is the major form (Tencalla and Dietrich 1997; Williams et al. 1997a, b) . We did measure microcystins (concentrations usually <1 µg/L, but up to 200 µg/g) in a free form at Presque Isle. These concentrations may not stress fish, but could influence their behaviour and would impair development (Bury et al. 1996; Baganz et al. 1998; Wiegand et al. 1999, respectively) . There is less information on the toxicity of microcystins to birds. Certainly, birds have been observed dying in the presence of algal toxins (Yoo et al. 1995; Murphy et al. 2000; Matsunaga 1999) . One laboratory study with quails observed an LC 50 of 256 µg/kg with microcystins (Takahashi and Kaya 1993) . However, when microcystins were fed to mallard ducklings orally, they were not toxic, although when injected, they were (Wobeser and Murphy 1999) . A similar observation was made with zebra fish, where crude isolates were much more toxic than pure microcystins (Oberemm et al. 1997 ). Many reactions can explain this discrepancy, including the possible protection of microcystins by being cellular, complexed or covalently bound to proteins. If microcystins were responsible for some of the dead fish and birds at our sites, we would have to assume one or more of the following: bioaccumulation of toxins, chronic effects enhancing a disease or other toxin, movement of toxin from the western basin of the lake, or storm-generated resuspension of a pulse of toxin. For Lake Erie, the pathway of assimilation with animals like zebra mussels seems important. Zebra mussels appear to promote Microcystis blooms in Lake Erie, Saginaw Bay, Lake Huron (Vanderploeg et al. 1998) , Hamilton Harbour and the Bay of Quinte (Lake Ontario). Bioaccumulation of microcystins into mussels and snails has been observed in Canada, Finland and The Netherlands (Eriksson et al. 1989; Zurawell and Prepas 1995; Burger et al. 1997; Watanabe et al. 1997 ). Zebra mussels may promote Microcystis blooms, although they do not directly ingest the algae; bioaccumulation of microcystin in zebra mussels does not seem likely. However, it is believed that they concentrate and eject Microcystis in pseudofeces, thus making it available to other benthic inhabitants, or other inhabitants in the water column when resuspension takes place. Studies are needed to evaluate concentrations of microcystin in pseudofeces. A similar pathway for the death of birds in Monterey Bay, California, has been proposed (Fritz et al. 1992) . At that site, the diatom Pseudonitzschia australis produced the toxin domoic acid. It was assimilated into anchovies, which then killed large numbers of pelicans and cormorants. It is interesting that outbreaks of avian botulism at Salton Sea, California, are apparently related to bluegreen algal blooms and dead fish (Sturm 1998) . At Lake Erie, it is fish-eating birds that die during fish kills.
A small study cannot resolve the reasons behind the recent outbreaks of botulism in Lake Erie or the initiation of toxic algae in Hamilton Harbour. However, comparisons of the two sites allow formulation of hypotheses or at least interesting speculations. The increased nitrogen in Lake Erie may contribute to the growth of toxic Microcystis but Hamilton Harbour has had much higher concentrations of nitrogen (Charlton and Le Sage 1996) so nitrogen does seem to explain the changes, at least in Hamilton Harbour. Mussels and gobies are found in both Hamilton Harbour and Lake Erie. The lag of a few years in Hamilton Harbour in the initiation of a dense algal bloom may reflect the time required for the algal biomass to accumulate or could be related to differing hydrometeorological and ecosystem processes. The growth of Microcystis in earlier years may have gone unnoticed. Plus, the overwintering of algae on sediments may require time for zebra mussel pseudofaeces to cover sediments toxic in sulphides. Another difference between the sites that needs more analysis is the availability of iron. Iron concentrations were low at Lake Erie but likely were higher in Hamilton Harbour where for the last few years advanced sewage treatment has used much more iron to remove phosphorus. Iron has long been known to stimulate blue-green algae (Murphy et al. 1976; Hyenstrand et al. 2000) . Furthermore, the timing of the current spread of botulism outbreaks is not understood. The kill has moved progressively eastward. It appears that it is not moved simply by water flow, as the outbreaks have bypassed Lake St. Clair. If introduced species are the focus of these toxic outbreaks, and somehow linked to microcystins, then the low biomass of Microcystis in Lake Erie raises questions. It is certainly possible for microcystins to be bioaccumulated (Kotak et al. 1996; Williams et al. 1997a,b; Thostrup and Christoffersen 1999) . Bioaccumulation of microcystins has been proposed to explain sea-pen disease in aquaculture (Andersen et al. 1993) . The weakness in this argument is that it assumes that the bioaccumulated microcystin is toxic. As noted above, the toxin is present covalently bound to phosphatase but the toxicity of the complex has not been reported. Few labs have the ability to measure covalently bound microcystins and its stability after ingestion is unknown. There are similar uncertainties associated with the link between microcystins and Clostridium. The microcystin dose required to kill via oral ingestion is much higher than via injection but the potential for in vivo growth of Clostridium should also be considered.
Public Consultation
The American Water Association published an excellent review of the protocols that should be coordinated between governments, medical staff and pubic media so that the public both understands the risks and takes appropriate precautions (Yoo et al. 1995) . More recently this was modified by Backer (2002) . In the Great Lakes, options for monitoring might include remote sensing with appropriate validation. It is not clear how some agencies that have undergone extensive downsizing can respond to the challenge of monitoring and reporting to the relevant agencies such as water treatment facilities. Water treatment can remove algal toxins but activated carbon is required and there are concerns about how chlorination is done (Lambert et al. 1996; Tsuji et al. 1997) . In situations like Hamilton Harbour where the toxic algae grow in the harbour and the water intakes are in the lake, techniques to prevent the algal scums from leaving the harbour might provide further protection for the drinking water.
